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The rate of eukaryotic cell growth is tightly controlled 
for proper progression through each cell cycle stage 
and is important for cell size homeostasis. It was pre- 
viously shown that cell growth is inhibited during mitosis 
when cells are preparing for division. However, the mecha- 
nism for growth arrest at this stage is unknown. Here we 
demonstrate that exocytosis of a select group of cargoes 
was inhibited before the metaphase-anaphase transi- 
tion in the budding yeast Saccharomyces cerevisiae. The 



cyclin-dependent kinase, Cdkl , when bound to the mitotic 
cyclin Clb2, directly phosphorylated Exo84, a compo- 
nent of the exocyst complex essential for exocytosis. Mi- 
totic phosphorylation of Exo84 disrupted the assembly 
of the exocyst complex, thereby affecting exocytosis and 
cell surface expansion. Our study demonstrates the coor- 
dination between membrane trafficking and cell cycle pro- 
gression and provides a molecular mechanism by which 
cell growth is controlled during the cell division cycle. 



Introduction 

The rate of cell growth is tightly controlled at different stages of 
the cell cycle for accurate reproduction and cell size homeostasis 
(Jorgensen and Tyers, 2004). It was shown more than 50 years 
ago that cell growth dramatically decreases during mitosis in 
mammalian cells (Prescott and Bender, 1962). Cell surface ex- 
pansion decreases as cells approach metaphase and recover after 
the metaphase-anaphase transition (Boucrot and Kirchhausen, 
2007, 2008). Similarly, fission and budding yeast cell growth, 
as measured by cell volume and surface expansion, decreases 
during mitosis (Mitchison and Nurse, 1985; Goranov et al., 2009; 
Tzur et al., 2009). The mitotic growth arrest is thought to help 
cells to reorganize their structure and adapt to the increased en- 
ergy demands needed for subsequent cell division or regenera- 
tion (Goranov and Amon, 2010). Despite these observations 
over the years, surprisingly little is known about the molecular 
mechanisms that arrest cell growth during mitosis. 

It has been recognized since early years that membrane 
trafficking involving endocytosis and exocytosis controls cell 
surface growth during the cell cycle (Erickson and Trinkaus, 
1976). Cell surface expansion is ultimately performed through 
exocytosis, in which post-Golgi secretory vesicles carrying pro- 
teins and lipids are docked to and fused with the plasma mem- 
brane (Boucrot and Kirchhausen, 2007). The exocyst complex, 
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composed of Sec3, Sec5, Sec6, Sec8, SeclO, Secl5, Exo70, and 
Exo84, is essential for exocytosis and cell surface expansion. 
The dynamic assembly of the exocyst complex links the secretory 
vesicles and the plasma membrane in a process called "tethering," 
which takes place before SNARE-mediated membrane fusion 
(Guo et al., 2000; Whyte and Munro, 2002; Hsu et al., 2004; 
Munson and Novick, 2006; He and Guo, 2009). Components of 
the exocyst complex have been shown to be direct targets of 
many signaling molecules that spatially or temporally regulate 
exocytosis for various physiological processes such as polar- 
ized yeast cell growth, epithelia formation, neuronal branch- 
ing, and cell migration (Nelson and Yeaman, 2001; Bryant and 
Mostov, 2008; He and Guo, 2009; Hall and Lalli, 2010; Liu and 
Guo, 2012). 

The cyclin-dependent kinases (CDKs) are master regula- 
tors of the cell cycle and are likely to play central roles in growth 
control during the cell cycle (Goranov and Amon, 2010). Using 
the budding yeast Saccharomyces cerevisiae, we demonstrate 
that Cdkl is a regulator of exocytosis during cell cycle progres- 
sion. When bound to the mitotic cyclin Clb2, Cdkl inhibits exo- 
cytosis before the metaphase-anaphase transition. The effect of 
Cdkl is mediated by its direct phosphorylation of one of the 
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exocyst components, Exo84. We further show that Exo84 phos- 
phorylation disrupts the assembly of the exocyst complex during 
mitosis, thereby negatively affecting exocytosis and cell surface 
expansion. Our study provides a molecular mechanism by which 
exocytosis and cell growth is controlled during mitosis. 

Results 

Exocytosis is inhibited in 
metaphase-arrested cells 

Cell growth and surface expansion are mediated by exocytosis. 
To examine whether exocytosis is cell cycle regulated, we mon- 
itored the secretion of endo-p-l,3-glucanase (Bgl2), a cell wall 
remodeling enzyme and a commonly used exocytosis marker 
(Harsay and Bretscher, 1995), in an array of cell cycle mutants. 
As shown in Fig. 1 (A and B), the intracellular Bgl2 level was 
elevated in the metaphase-arrested cdc20-l mutant, but not in 
the wild-type or cdc28-4, cdc7-l, and cdcl5-2 mutants, which 
were arrested at Gl phase, S phase, and anaphase, respectively. 
Cdc20 is a cofactor for the anaphase promotion complex (APC) 
that promotes mitotic exit by degrading mitotic cyclins and the 
anaphase inhibitor securin (Zachariae and Nasmyth, 1999). When 
transferred to the restrictive temperature (37°C), the cdc20-l cells 
arrest at metaphase with high mitotic cyclin-dependent kinase 
(Cdkl) activity (Lim et al., 1998). In addition to cdc20-l, we 
also tested another metaphase-arrested mutant, cdc23-l. Cdc23 
is a subunit of APC (Zachariae and Nasmyth, 1999). The intra- 
cellular Bgl2 level was increased in the cdc23-l mutant at the 
restrictive temperature (Fig. SI A). 

In addition to the Bgl2 secretions assay, we have also ex- 
amined the secretion of the cdc mutants using the invertase, 
which marks a smaller branch of the exocytic routes (Harsay and 
Bretscher, 1995). We found that none of the mutant strains had 
invertase secretion block (Fig. SI B). The result is consistent with 
the previous observation (Makarow, 1988). 

We have also investigated whether the secretion of glyco- 
proteins into the media was affected in cdc mutants. The wild- 
type and cdc mutant cells were shifted from 25 to 37°C for 
90 min. Cells were washed and resuspended in fresh medium 
prewarmed to 37°C. Glycoproteins secreted into the medium 
were precipitated by trichloroacetic acid and subjected to SDS- 
PAGE. The gel was then stained with Schiff s reagent, which 
recognizes the glycoproteins (Zhang et al., 2005). The sec6-4 
strain defective in exocytosis was used as a control. As expected, 
sec6-4 displayed very weak glycoprotein staining compared with 
the wild-type strain (Fig. 1, C and D). The staining patterns of 
cdc28-4, cdc7-l, and cdcl5-2 were similar to that of the wild- 
type cells. The cdc20-l mutant, however, showed a special 
staining pattern, with several glycoproteins selectively missing. 
The secretion of a similar set of glycoproteins was affected in 
other experiments, as described later. This result, together with 
the analyses of Bgl2 secretion and invertase secretion described 
for cdc mutants, suggests that some of the exocytic pathways 
are specifically blocked in the cdc20-l mutant. 

A more definitive test for a secretion block is to examine 
whether secretory vesicles are accumulated in the cell. We thus 
examined cdc20-l cells using thin-section EM. Secretory vesicles 



were barely detectable in the wild-type cells (Fig. 1, E and F). 
In contrast, there was a clear accumulation of vesicles (109 ± 38 
vesicles per section) in the cdc20-l cells arrested at the meta- 
phase at 37°C. The sizes of the accumulated vesicles ranged from 
80 to 100 nm in diameter, which is characteristic of post-Golgi 
secretory vesicles (Novick et al., 1980). These data indicate that 
exocytosis is affected in metaphase-arrested cdc20-l cells. 

In addition to the cdc20-l mutant, the cell cycle can also be 
arrested at metaphase by prolonged treatment with nocodazole, 
which disrupts the microtubules (Quinlan et al., 1980; Holm 
et al., 1985). We have examined the secretion profile of cells 
arrested at metaphase after 3 h of nocodazole treatment. Consis- 
tent with the previous observation by Makarow (1988), invertase 
secretion was not affected (Fig. S2 A). However, Bgl2 secretion 
was defective (Fig. S2 B). Moreover, the secretion of a subset 
of glycoproteins was also selectively blocked, similar to that in 
the cdc20-l mutant (Fig. S2, C and D). The observed secre- 
tion block after 3 h of nocodazole treatment is unlikely to be a 
direct effect of microtubule disruption on exocytosis in yeast. 
Brief treatment of the cells with nocodazole, though sufficient 
to disrupt microtubules, does not cause any detectable secre- 
tion block (unpublished data). The secretion effect after 3 h of 
nocodazole treatment is probably caused by mitotic arrest of the 
cells as a result of microtubule disruption (Quinlan et al., 1980; 
Holmetal., 1985). 

As the function of Cdc20 and APC complex is ultimately 
linked to Cdkl, we hypothesize that the defect in exocytosis ob- 
served in metaphase-arrested cells is caused by elevated Cdkl 
activity. We reasoned that if Cdkl activity were inhibited in 
the cdc20-l cells, then Bgl2 secretion would be restored. To 
test this prediction, we assayed Bgl2 secretion in cdc20-l cells 
that contain an analogue-sensitive cdkl allele (cdkl -as), which 
encodes a mutant kinase that can be specifically inhibited by 
1NM-PP1 (Bishop et al., 2000). We arrested cdc20-l cdkl-as 
double mutant cells in metaphase by shifting them to 37°C for 
90 min and then added 1NM-PP1 to inhibit Cdkl. Within 30 min 
of 1NM-PP1 treatment, the intracellular fraction of Bgl2 de- 
creased significantly compared with mock-treated cells (Fig. 2, A 
and B). We also examined vesicle accumulation in cdc20-l and 
cdc20-l cdkl-as cells with INM-PP1 treatment after they were 
arrested at metaphase using thin-section EM. As shown in 
Fig. 2 (C and D), although there was an accumulation of vesicles 
(106 ± 35 vesicles per section) in the cdc20-l cells, there were 
many fewer vesicles (<10 vesicles per section) in the cdc20-l 
cdkl-as cells after 1NM-PP1 treatment. These data suggest that 
mitotic Cdkl activity mediates the block in exocytosis during 
metaphase. Alternatively, but not mutually exclusively, it is 
possible that Cdkl inhibition alleviated the secretion defect by 
allowing the cdc20 cells to exit M phase. In either case, the data 
demonstrate that exocytosis is negatively affected in mitotic 
arrested cells. 

Exo84 is phosphorylated by mitotic Cdkl 

How is exocytosis controlled during metaphase? When associ- 
ated with the mitotic cyclins, Cdkl controls the mitotic events in 
the cell cycle through phosphorylation (Mendenhall and Hodge, 
1998). Through sequence analyses, we found that the exocyst 
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Figure 1 . Exocytosis is inhibited before metaphase-anaphase transition. (A) The cdc20-l mutant exhibits Bgl2 secretion defects at the restrictive tem- 
perature. Cells were grown at 25°C or shifted to 37°C for 1 .5 h. Internal (In) and external (Ex] pools of Bgl2 in wild-type, cdc28-4 (Gl phase), cdc7-l 
(S phase), cdc20-l (metaphase), and cdcl5-2 (anaphase) cells were examined by Western blot analysis. Alcohol dehydrogenase (ADH) levels were 
probed as a protein loading control. (B) The internal accumulation of Bgl2 was quantified for the conditional cell cycle mutants. The stages of cell cycle 
arrest for these cells are indicated: Meta, metaphase; Ana, anaphase. AU, arbitrary units. Error bars represent standard deviation (n = 3). *, P < 0.01 . (C) Se- 
lective block of glycoprotein secretion in the cdc20- 1 mutant at the restrictive temperature. The asterisks indicate the bands with reduced levels of secretion 
in the cdc20- 1 mutant. (D) Quantification of the levels of protein indicated by the arrow in C. Error bars represent standard deviation (n = 3). *, P < 0.01 . 
(E) Thin-section EM shows that cdc20-1 cells accumulate post-Golgi secretory vesicles (typically 80-100 nm in diameter) at the restrictive temperature. 
"SV" and the arrow indicate one of the vesicles. Bars, 1 pm. (F) Quantification of vesicle numbers per EM section detected in the wild-type and cdc20-l 
cells. Error bars represent standard error of the mean (n = 35). *, P < 0.01 . 



subunitExo84 contains several consensus sites (*S/T-P-X-R/K; 
the asterisk indicates the phosphorylated serine or threonine 
residue) for Cdkl phosphorylation. Furthermore, genome-scale 



phosphorylation studies show that Exo84 is phosphorylated by 
Cdkl in vitro (Ubersax et al., 2003; Loog and Morgan, 2005; 
Koivomagi et al., 201 1). To determine if Exo84 is phosphorylated 
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Figure 2. Cdkl activity is required for the secretion 
block in metaphase-arrested cdc20-l cells. (A) The 

Bgl2 secretion block in cdc20-l cells depends on 
Cdkl activity. cdc20-l and cdc20-l cdkl-as cells 
were grown to early log phase at 25°C and shifted 
to 37°C for 1 .5 h. Cells were then treated with DMSO 
(mock) or 15 uM 1NM-PP1 for 30 min. Internal and 
external pools of Bgl2 in cdc20-l and cdc20-l 
cdkl-as cells were examined by Western blotting. 
ADH served as a protein loading control. (B) The ac- 
cumulation of internal Bgl2 was quantified in each 
group, with the accumulation in cdc20-l cell treated 
with DMSO as 100%. Error bars represent stan- 
dard deviation (n = 3). *, P < 0.01 . (C) The cdc20-l 
and cdc20-1 cdkl-as cells were grown to early log 
phase at 25°C and shifted to 37°C for 1 .5 h. Cells 
were then treated with 15 uM 1NM-PP1 for 30 min 
and proceeded for thin-section EM. The cdc20-l 
cells accumulated post-Golgi secretory vesicles at 
the restrictive temperature, whereas cdc20-l cdkl-as 
did not. Bars, 1 urn. (D) Quantification of vesicle 
numbers per EM section in the cdc20-l and cdc20-l 
cdkl-as cells. Error bars represent standard error of 
the mean (n = 35]. *, P < 0.01 . 
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by Cdkl in cells, we immunoisolated Exo84 from yeast lysates 
and probed for Cdkl phosphorylation using an antibody spe- 
cific for Cdkl-phosphorylated peptides. As shown in Fig. 3 A, 
Exo84 was detected by the anti-phospho-substrate antibody, 
and the immunoreactivity was abolished by X-phosphatase 
treatment. To verify the role of Cdkl in Exo84 phosphoryla- 
tion, we performed parallel experiment with the cdkl -as 1 cells. 
Although Exo84 phosphorylation was detected from mock- 
treated cells (DMSO), it was barely detectable from cells treated 
with 1NM-PP1. 

Next, we examined Exo84 phosphorylation in synchro- 
nized cells. Yeast cells were first synchronized by a-factor 
treatment. The cells were then released from the arrest and 
collected at 15-min intervals. To detect Exo84 phosphoryla- 
tion, Exo84 was immunoisolated from the cell lysates and 
run on the "Phos-Tag" protein gels, which specifically decrease 
the electrophoretic mobility of phosphorylated proteins for 
better separation from the nonphosphorylated population 
(Kinoshita et al., 2009). As shown in Fig. 3 B, Exo84 phos- 
phorylation, as detected by decreased electrophoretic mobil- 
ity, peaked around 100 min. This profile correlated with the 
expression of the B-type cyclin Clb2, a marker for M phase. In 
contrast, Cdc24, which is phosphorylated during Gl/S phase 
(McCusker et al., 2007; Wai et al., 2009), displayed peak 
phosphorylation at 75 min. As an additional approach to study 
the cell cycle-dependent phosphorylation of Exo84, we probed 



immunoprecipitated Exo84 from cells arrested in Gl (with 
a-factor), S (with hydroxyurea), and M phase (with nocodazole) 
with the Cdk phospho-substrate antibody. As shown in Fig. 3 C, 
Exo84 is phosphorylated during M phase but not S phase. 
Exo84 phosphorylation also appeared slightly elevated in Gl- 
arrested cells. 

Because secretion is inhibited in cdc20-l cells arrested 
at metaphase, we checked whether Exo84 phosphorylation 
was also increased in this mutant. Immunoprecipitated Exo84 
from the wild-type and cdc20-l cells grown at either 25°C or 
37°C for 90 min, and the phosphorylation level of Exo84 was 
examined with the Cdk phospho-substrate antibody. As shown 
in Fig. 3 D, Exo84 phosphorylation significantly increased at 
37 °C compared with the wild-type cells. 

To confirm that Exo84 is a direct substrate of mitotic Cdkl , 
GST-tagged Exo84 was expressed and purified from bacteria 
and incubated with Cln2-Cdkl, Clb5-Cdkl, or Clb2-Cdkl in 
the presence of -y-[ 32 P]ATP. As shown in Fig. 3 E, Exo84 was 
phosphorylated by Clb2-Cdkl but not Clb5-Cdkl, and to a 
lesser extent by Clb5-Cln2. As a control, GST was not phos- 
phorylated by any Cdkl-cyclin complexes. We also mutated 
the five serine/threonine residues (T 28 , S 31 , S 291 , S 482 , and S 716 ) 
previously mapped by mass spectrometry to alanine (Smolka 
et al., 2007; Albuquerque et al., 2008; Holt et al., 2009). 
Clb2-Cdk phosphorylation of this mutant protein ("Exo84-A") 
was greatly diminished (Fig. 3 F). 
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Figure3. Exo84 is phosphorylated by Cdkl atMphase. 

(A) Exo84 is phosphorylated in a Cdkl -dependent fash- 
ion in vivo. Cells expressing myc-tagged Exo84 (chro- 
mosomally integrated) were grown to early log phase at 
25°C. Exo84-myc was immunoprecipitated and probed 
with anti-myc and anti-phospho-CDK substrate antibody 
(a-pS) by Western blotting. Untagged cells were used as 
a negative control. Where designated, immunoprecipi- 
tated Exo84 was treated with X-phosphatase to abolish 
phosphorylation (left). Exo84 was immunoprecipitated 
from cdkl-as cells that were treated with DMSO (mock) 
or the Cdkl-as inhibitor 1NM-PP1 (right). Phosphory- 
lation of Exo84 is reduced dramatically in cdkl-asl 
cells treated with 1NM-PP1. (B) Cell cycle-dependent 
phosphorylation of Exo84. Cells expressing Exo84-myc 
and Clb2-HA were synchronized at Gl with a-factor 
and then released and harvested at the indicated time 
points. The expression of Clb2-HA and the migration 
profiles of Exo84-myc and Cdc24 were examined 
by immunoblot analysis after the samples were sepa- 
rated on a Phos-tag PAGE gel that specifically retards 
the migration of phosphoproteins (see Materials and 
methods). (C) Exo84-myc was immunoprecipitated from 
asynchronous and cell cycle-arrested cells and then 
probed for Cdkl phosphorylation by immunoblotting 
as in A. Where designated, samples were treated with 
X-phosphatase (X-Ppase). Wild-type cells were arrested 
in Gl phase with a-factor (a), S phase with hydroxyurea 
(HU), or M phase with nocodazole (Noc). Asynchronous 
cells are designated as "NT." Immunoblots reveal that 
Exo84 is heavily phosphorylated in M phase-arrested 
cells. Error bars represent standard deviation (n = 3). 
*, P < 0.01. (D) Exo84-myc was immunoprecipitated 
from the wild-type and cdc20-l mutant cells at the per- 
missive or restrictive temperature, and then probed for 
Cdkl phosphorylation by immunoblotting as in A. Error 
bars represent standard deviation (n = 3). *, P < 0.01 . 

(E) Exo84 is phosphorylated by Cdkl in vitro. GST and 
GST-Exo84 were purified from Escherichia coli and in- 
cubated with Cln2-Cdkl, Clb5-Cdkl, or Clb2-Cdkl 
in the presence of -y-[ 32 P]ATP. Exo84 phosphorylation 
was detected by autoradiography (top). Corresponding 
Coomassie blue-stained gels are shown on the bottom. 

(F) In vitro Clb2-Cdkl kinase assays with recombinant 
Exo84-A, which lacks the five Cdkl phosphorylation 
sites. The phosphorylation of Exo84-A by mitotic Clb2- 
Cdkl is barely detectable. 



NT 



HU Noc Noc+A 



25°C 



37°C 



cf 



GST 



cf 



J? 



cf 



GST-Exo84 



cf cf 



cf 



cf 

9 



0 



0 



ExoS4 phosphorylation inhibits the 
assembly of the exocyst complex 

How does Cdkl phosphorylation of Exo84 inhibit exocytosis? 
Because the assembly of the exocyst complex mediates the teth- 
ering of post-Golgi secretory vesicles to the plasma membrane, 
one possible effect of mitotic Cdkl phosphorylation is to af- 
fect the association of Exo84 with rest of the exocyst complex. 



Exo84 bound directly to Sec5 and Sec 10, and can coimmuno- 
precipitate all the exocyst components (Guo et al., 1999). We 
mutated the five phosphorylation sites of Exo84 to alanine 
("Exo84-A") or to glutamate ("Exo84-E") and expressed these 
mutants in exo84A cells under the control of an endogenous 
EXOS4 promoter. Western blotting confirmed that the expression 
of the mutant Exo84 was comparable to that of the wild-type 
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Figure 4. Cdkl phosphorylation inhibits the interaction of Exo84 with other exocyst components. (A) Immunoblots of cells expressing wild-type and 
mutant Exo84 (Exo84-A and Exo84-E) proteins. Exo84 was detected using a rabbit anti-Exo84 antibody. ADH was probed as a protein loading control. 
(B) Exo84 phosphorylation negatively regulates exocyst assembly. Cells were grown to early log phase at 25°C. Then wild-type and mutant Exo84 were 
immunoprecipitated from cells coexpressing a GFP-tagged exocyst protein (Sec5, SeclO, Seel 5, or Exo70, tagged by chromosomal integration). Co- 
immunoprecipitated exocyst proteins were probed with an anti-GFP antibody. The relative amounts of coprecipitated Seel O-GFP, Seel 5-GFP, and Exo70-GFP 
were higher in the exo84-A mutant and lower in the exo84-E mutant. The amount of coimmunoprecipitated Sec5-GFP is similar for all Exo84 variants. 
The quantification of the binding is shown below each Western blot. Error bars represent standard deviation. *, P < 0.01; n = 3. (C) Phosphorylation 
negatively regulates Exo84 interaction with SeclO. Exo84, Exo84-A, and Exo84-E were synthesized by in vitro transcription/translation in the presence 
of [ 35 S]methionine/cysteine. The proteins were then incubated with purified recombinant His 6 -tagged SeclO conjugated to Ni-Sepharose. After extensive 
washing, the bound proteins were analyzed by SDS-PAGE and autoradiography. The Coomassie blue-stained gel (top) shows the inputs of His6-tagged 
SeclO protein. The autoradiograph (bottom) shows the input (10%) and bound [ 35 S]methionine-labeled Exo84 and Exo84 phospho mutants (Exo84-ps). 
The binding of Hisi-Secl 0 with Exo84 and exo84 was quantified in D. Error bars represent standard deviation (n = 3). *, P < 0.01 . 



Exo84 (Fig. 4 A). Immunoprecipitation was performed using 
an anti-Exo84 antibody, and the amounts of associated exo- 
cyst components were examined by Western blotting. As shown 
in Fig. 4 B, the phosphomimetic Exo84-E mutant exhibited 
diminished interactions with SeclO, Sec 15, and Exo70 compared 
with the wild-type Exo84. Conversely, the phospho-deficient 
Exo84-A protein exhibited enhanced interactions with SeclO, 
Sec 15, and Exo70. Neither Exo84 mutant affected Sec5 bind- 
ing. Because the coprecipitation of Exo84 with SeclO, but not 
Sec5, was affected, we predicted that the direct interaction 



between SeclO and Exo84 would be altered by Cdkl phosphory- 
lation. We performed in vitro binding assays with recombinant 
His 6 -Secl0 and in vitro translated 35 S-labeled Exo84. As 
shown in Fig. 4 (C and D), compared with the wild-type 
Exo84, Exo84-E binding to SeclO was significantly reduced. 
Because SeclO directly binds Sec 15 and Exo70 (Guo et al., 
1999; Dong et al., 2005), the diminished Exo84-Secl0 inter- 
action observed with the phosphomimetic Exo84-E may ac- 
count for the reduced Exo84 coimmunoprecipitation of Sec 15 
and Exo70 (Fig. 4 B). 
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Figure 5. The assembly of the exocyst complex is inhibited during M phase. (A) Exo84 was tagged by the myc epitope by chromosomal integration. Cells 
expressing Exo84-myc were synchronized in Gl, S, and M phase with a-factor (a), hydroxyurea (HU), and nocodazole (Noc), respectively. Exo84-myc 
was immunoprecipitated using the anti-myc antibody, and Western blots were performed to detect the amounts of coprecipitating Sec5-GFP, Seel 0, Seel 5, 
and Exo70. (left) The expression of the exocyst subunits cell extracts (" 1 0% input"), (right) The amounts of the exocyst subunits coimmunoprecipitated with 
Exo84-myc. (B) Quantification of the amounts of the exocyst coimmuniprecipitated with Exo84-myc. The levels of binding in different groups with respect to 
that of the nontreated (NT) cells ("relative binding") were shown. The levels of binding for SeclO, Seel 5, and Exo70 decrease in the nocodazole-treated 
cells. Sec5 binding remains unchanged. Error bars represent standard deviation. *, P < 0.01 ; n = 3. (C) Inhibition of Cdkl promotes exocyst assembly. The 
wild-type and cdk l-as cells were treated with DMSO (mock) or l NM-PPl before Exo84-myc coimmunoprecipitation. The levels of binding of Seel 0, Seel 5, 
and Exo70 increased in the cdkl-as cells treated with I NM-PPl, whereas their binding with Sec5 remained unchanged. (D) Quantification of binding for 
C was performed as described in B. Error bars represent standard deviation. *, P < 0.01 ; n = 3. (E) The cdc20A mutant exhibits exocyst assembly defects 
at the restrictive temperature. The wild-type and different cell cycle mutant cells were grown at 25°C and shifted to 37°C for 2 h. Exo84-myc immunopre- 
cipitation was performed using these cells. The levels of binding of SeclO, Seel 5, and Exo70 decreased in the cdc20-1 mutant. (F) Quantification of the 
amounts of the exocyst coimmuniprecipitated with Exo84-myc. The levels of binding for Seel 0, Seel 5, and Exo70 decreased in the cdc20- 1 mutant. Sec5 
binding remains unchanged. Error bars represent standard deviation. *, P < 0.01 ; n = 3. 



Exocyst assembly is inhibited 
during mitosis 

To determine whether the assembly of the exocyst complex is 
inhibited in M phase, in which the Cdkl-Clb2 is most active, 
we immunoprecipitated Exo84 from yeast cells arrested at Gl 
(treated with a-factor), S (treated with hydroxyurea), and M 
(treated with nocodazole) phases and probed for associated 
exocyst components by Western blotting. As shown in Fig. 5 
(A and B), Exo84 bound less to SeclO, Secl5, and Exo70 in 
M phase-arrested cells than those in Gl or S phase-arrested 
cells, whereas Sec5 binding was unchanged. These data suggest 
that exocyst assembly is blocked during metaphase. We also 



performed the immunoprecipitation experiment using the 
analogue-sensitive cdkl cells. As shown in Fig. 5 (C and D), treat- 
ment of the cdkl-as cells with 1NM-PP1 for 30 min led to an 
increase of Exo84 binding to SeclO, Sec 15, and Exo70, but not 
for Sec5-GFP. As controls, the wild-type or mock-treated cdkl- 
as cells did not show such an effect. Collectively, the data further 
suggest that Cdkl phosphorylation blocks the exocyst assembly. 

To test the exocyst assembly in ede mutants arrested at 
different stages of the cell cycle, Exo84 was immunoprecipi- 
tated from the wild- type and ede mutants grown either at 25 °C 
or shifted to 37°C for 1.5 h. As shown in Fig. 5 (E and F), al- 
though Sec5 binding was unchanged, the binding of SeclO, 
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Secl5, and Exo70 to Exo84 decreased in the cdc20-l mutant 
cells compared with the wild-type or other cdc mutants at the 
restrictive temperature, which suggests that exocyst assembly is 
inhibited at metaphase. We also noticed that the binding of 
SeclO, Secl5, and Exo70 to Exo84 increased in the cdc28-4 and 
cdc7-l mutants. We will follow up on this interesting observa- 
tion in future studies. 

In addition to cdc mutants, we have also examined exocyst 
assembly in cells arrested to metaphase by nocodazole treatment. 
Comparing to the nontreated cells, the cdkl-as cells treated with 
nocodazole for 3 h showed an increased level of Exo84 phos- 
phorylation (Fig. S3 A) and a decreased level of exocyst assembly 
(Fig. S3 B). Further addition of 1NM-PP1, however, reduced 
Exo84 phosphorylation and alleviated the exocyst assembly de- 
fect. These data are consistent with the results obtained using the 
cdc20-l mutant. 

Exo84 phosphorylation inhibits exocytosis 
and cell growth 

To determine the physiological consequence of Exo84 phos- 
phorylation, we examined the secretion properties of the exo84 
mutant cells. Although there was no block of Bgl2 secretion in 
the wild-type and exo84-A cells, the exo84-E cells displayed in- 
tracellular accumulation of Bgl2 (Fig. 6, A and B). In addition, 
thin-section EM analyses showed an accumulation of 80-100-nm- 
diameter secretory vesicles in the exo84-E cells (Fig. 6, C 
and D). To more closely examine the effect exo84-A on secre- 
tion, we generated double mutant strains in which the two Exo84 
phospho mutants were expressed in the exo70-38 mutant back- 
ground. As shown in Fig. 6 (E and F), the exo70-38 single mu- 
tant cells ("exo70-38 EX084") exhibited a Bgl2 secretion block, 
and the exo70-38 exo84-E double mutant cells displayed an even 
more pronounced Bgl2 secretion defect. Interestingly, the Bgl2 
secretion defect was significantly reduced in the exo70-38 exo84-A 
double mutant cells compared with the exo70-38 single mutant, 
which indicates that the expression of the phosphorylation- 
deficient Exo84-A mutant has a rescuing effect on the exo70-38. 
These phenotypes were also confirmed by thin-section EM, as 
there were more vesicles accumulated in the exo70-38 exo84-E 
double mutant cells, and fewer vesicles in the exo70-38 exo84-A 
double mutant cells (Fig. 6, G and H). 

The growth properties of the Exo84 mutant cells correlate 
with the observed secretion properties. The exo84-E mutant 
grew slower than the wild-type cells, whereas the exo84-A mu- 
tant grows slightly faster than wild-type EX084 cells. Moreover, 
the exo70-38 exo84-E double mutant cells grew more poorly than 
the exo70-38 single mutant cells, and the exo70-38 exo84-A 
double mutant cells showed much improved growth (Fig. 6 I). 
In addition to exo70-38, the exo84 phospho mutants had similar 
synthetic effects when combined with other exocyst mutants 
(unpublished data). The use of double mutants allowed us to 
study the positive effect of exo84-A on exocytosis. To directly 
examine the effect of the exo84-A mutant on exocytosis, we com- 
pared media glycoprotein secretion by the wild-type and exo84-A 
mutant cells released from a-factor arrest at 30 and 90 min, re- 
spectively. At 90 min (corresponding to metaphase), the secre- 
tion of a select set of glycoproteins was lower than that at 30 min 



(Gl phase; Fig. 7). This correlates with the phosphorylation of 
Exo84 around 90 min (Fig. 3 B). However, the secretion of the 
exo84-A mutant cell was the same for both 30 min and 90 min. 
Together, our data suggest that Exo84 phosphorylation plays a 
negative regulatory role on exocytosis. 

ExoS4 phosphorylation regulates daughter 
cell growth during mitosis 

During M phase, yeast growth is restricted to the daughter cell (the 
"bud"), whereas the mother cell remains largely unchanged. 
Given that Exo84 phosphorylation inhibits exocytosis in the 
M phase, we predicted that bud growth would be affected by 
Exo84 phospho mutants. To test this prediction, we examined 
bud growth in wild-type, exo84-A, and exo84-E mutant cells by 
time-lapse microscopy. We detenrdned the cell cycle phases by 
surveying nuclear position and morphology using a MARS-tagged 
nuclear envelope protein (Nup57-MARS) as described previously 
(Khmelinskii et al., 2010). We also monitor GFP-tagged Sec5, 
which relocates to the mother-daughter junction to mediate abscis- 
sion at the end of mitosis. Sec5 was chosen because it is not af- 
fected by Exo84 phosphorylation (see Fig. 4 B). As expected, we 
observed that the size of mother cells remain similar in wild-type 
and exo84 phosphorylation mutants. In contrast, the buds of mi- 
totic exo84-A cells typically grew larger than the buds of corre- 
sponding wild-type cells. Moreover, the buds of mitotic exo84-E 
cells were smaller than those of wild-type and exo84-A cells 
(Fig. 8 A and Fig. S4). As a result, upon completion of mitosis 
and cytokinesis, the daughter cells were smaller for exo84-E 
and larger for exo84-A cells. A comparison of the sizes, pre- 
sented as the daughter/mother size ratios, is shown in Fig. 8 B. 
The data suggest that Cdkl phosphorylation of Exo84 controls 
cell growth homeostasis. 

Discussion 

Regulation of cell growth and surface expansion is a basic fea- 
ture of cell cycle progression. Over the past decades, while several 
aspects of cell cycle such as DNA replication and chromosomal 
segregation have been intensively studied, the molecular mech- 
anisms that control cell membrane growth remain unknown 
(Jorgensen and Tyers, 2004; Goranov and Amon, 2010). A con- 
spicuous feature of the M-phase cells is the reduction of surface 
growth, which helps the cells to adapt to the energy demands and 
reorganize cellular structures for chromosomes segregation and 
organelle inheritance (Mitchison and Nurse, 1985; Lucocq and 
Warren, 1987; Kreiner and Moore, 1990; Leaf et al., 1990; Lowe 
et al., 1998; Seemann et al., 2002; Boucrot and Kirchhausen, 
2007, 2008; Peng and Weisman, 2008; Goranov et al, 2009; 
Tzur et al., 2009; Goranov and Amon, 2010). Membrane growth 
relies on the tight control of exocytosis, by which proteins and 
lipids are incorporated into the plasma membrane. A recent 
microscopic study elegantly demonstrated that mammalian cells 
undergo up to several folds of surface area reduction during 
M phase followed by a compensatory increase in surface area 
from anaphase to cytokinesis, and expression of dominant- 
negative v-SNARE proteins (Vamp3 and Vamp7) that mediate 
vesicle fusion at the plasma membrane blocks growth recovery 
during anaphase (Boucrot and Kirchhausen, 2007). 
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Figure 6. Exo84 phosphorylation inhibits 
exocytosis. (A] Bgl2 secretion assays in the wild- 
type [EX084], exo84-A, and exo84-E cells at 
25°C and 34°C. The exo84-E mutant accumu- 
lates Bgl2 in the cell at 34°C. (B) Quantification 
of Bgl2 accumulation in the wild-type, exo84-A, 
and exo84-E cells at 25°C and 34°C. Error 
bars represent standard deviation. *, P < 0.01 ; 
n = 3. (C) Thin-section EM analysis of the wild- 
type, exo84-A, and exo84-E cells after shifted 
to 34°C for 90 min. "SV" and the arrow indicate 
one of the vesicles. Bars, 1 pm. (D) Quantifica- 
tion of accumulated vesicles in the wild-type, 
exo84-A, and exo84-E cells. Error bars rep- 
resent standard error of the mean (n = 35). 
*, P < 0.01. (E) Exo84 phosphorylation site 
mutations affect Bgl2 secretion in the exo70- 
38 mutant background. The exo70 exo84 
double mutants were generated and assayed 
as outlined in A. The exo70-38 exo84-E cells 
displayed more pronounced Bgl2 secretion de- 
fects than corresponding exo70-38 single mu- 
tant cells, whereas the exo70-38 exo84-A cells 
displayed diminished Bg 12 secretion defects 
compared with the exo70-38 single mutant 
cells. (F) Quantification of Bgl2 accumulation 
in the exo70-38 EX084, exo70-38 exo84-A, 
and exo70-38 exo84-E mutant cells. Error bars 
indicate standard deviation. *, P < 0.01 ; n = 3. 
(G) Thin-section EM analysis of the exo70 exo84 
double mutant cells. The exo70-38 exo84-A 
cells contain fewer secretory vesicles than 
exc>70-38 single mutant cells, whereas exo70-38 
exo84-E cells accumulate a larger number of 
secretory vesicles than exo70-38 cells. Bars, 
1 pm. (H) Quantification of accumulated vesi- 
cles in the exo70-38 EX084, exo70-38 
exo84-A, and exo70-38 exo84-E mutant cells. 
Error bars represent standard error of the mean. 
*, P < 0.01 ; n = 35. (I) Growth of the wild- 
type (EX084), exo84-A, exo84-E, exo70-38, 
exo70-38 exo84-A, and exo70-38 exo84-E 
cells after serial dilution on plates at 25°C and 
34°C. The exo84-E cells grew poorly at 34°C 
compared with the wild-type and exo84-A 
cells. The exo70-38 exo84-A cells grew bet- 
ter than the exo70-38 single mutant, whereas 
exo70-38 exo84-E cells displayed severe 
growth defects at 34°C. 
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The budding yeast S. cerevisiae has been used as an in- 
valuable model system in the study of both cell cycle regula- 
tion and membrane trafficking. Over the years, the generation 
and characterization of a wealth of cell division cycle mutants 



("cdc") and secretion mutants ("sec") have significantly con- 
tributed to the understanding of the fundamental mechanisms 
of cell cycle and membrane trafficking in eukaryotic cells. 
More recently, cell growth and morphogenesis have also been 
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Figure 7. Exo84 phosphorylation is required 
(or secretion block at metaphase. (A) Glyco- 
protein secretion defects in cells during meta- 
phase. The wild-type and exo84-A cells were 
synchronized with a-factor and then released 
for 30 min (approximately interphase stage) 
and 90 min (approximately metaphase stage), 
respectively. These are the two time points at 
which electrophoretic mobility (i.e., phosphory- 
lation state) of Exo84p is significantly distinct 
from each other according to Fig. 3 B. The 
media glycoproteins were collected and ana- 
lyzed. Asterisks indicate the glycoproteins that 
were changed comparing the wild-type and 
exo84-A strains. Protein molecular weights are 
indicated to the left (kD). (B) Quantification of 
the glycoprotein band indicated by the arrow 
in A. Error bars represent standard deviation. 
*, P < 0.01; n = 3. (C) The phospho-deficient 
exo84-A mutant rescued the Bgl2 secretion 
defect of the cdc20A cells. The cdc20-l and 
cdc20- 1 exo84-A mutants were grown at 25°C 
and then shifted to 37°C for 1 .5 h. Internal (In) 
and external (Ex) pools of Bgl2 were examined 
by Western blot analysis. ADH was probed as 
a protein loading control. (D) Quantification of 
Bgl2 accumulation in the cdc20-l and cdc20-l 
exo84-A mutants at 37°C. Error bars represent 
standard deviation. *, P < 0.01 ; n = 3. (E) Cells 
were fixed with permanganate and processed 
for thin-section EM. The cdc20-1 cells accumu- 
lated post-Golgi secretory vesicles at the restric- 
tive temperature, whereas cdc20-1 exo84-A 
double mutant did not. "SV" and the arrow indi- 
cate one of the vesicles. Bars, 1 urn. (F) Quanti- 
fication of accumulated vesicles in the cdc20-l 
and cdc20-l exo84-A mutants at 37°C. Error 
bars represent standard error of the mean. 
*, P < 0.01 ; n = 35. 
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carefully investigated in each cell cycle stage in the budding 
yeast (Goranov and Amon, 2010; McCusker and Kellogg, 
2012). Compelling evidence has shown the coordination of 
cell cycle with membrane growth (McCusker et aL, 2007; 
Goranov et al., 2009). Here, using secretion assays, we dem- 
onstrate that exocytosis is inhibited in yeast cells defective 
in the metaphase-anaphase transition. Furthermore, thin- 
section EM revealed that the metaphase mutant cells accumu- 
late 80-100-nm-diameter vesicles, which is a well-established 



feature of the post-Golgi secretion mutants (Novick et al., 
1980). This is the first time cdc mutants (cdc20-l and cdc23-l) 
are found to have defects similar to the post-Golgi sec mu- 
tants such as those for the exocyst subunits. Further analyses 
using the analogue-sensitive cdc28 mutant (cdkl-as) suggest 
that elevated Cdkl kinase activity during the M phase is the 
primary cause for the exocytosis block in the cdc mutant. In- 
terestingly, we found that the secretion of a select set of cargo 
proteins was blocked. Unlike Bgl2, no defect was detected for 
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invertase secretion. Previous studies have demonstrated that 
invertase represents only one branch of the exocytic routes 
in yeast (Harsay and Bretscher, 1995; Harsay and Schekman, 
2002). It was also shown that, in cdc42 and exo70 (a compo- 
nent of the exocyst complex) mutants, although Bgl2 secre- 
tion was blocked and the cells clearly accumulated secretory 
vesicles as shown by EM, invertase secretion was not affected 
in these cells (Adamo et al., 2001; He et al., 2007). Similarly, 
analysis of glycoproteins secreted in the media also revealed 
the block of a subset of proteins in metaphase-arrested cells. 
Note that these glycoproteins are only the soluble proteins in 
the media. This assay does not allow the analysis of the trans- 
membrane proteins incorporated into the plasma membrane 
via exocytosis. Future studies are needed to investigate why 
specific exocytosis routes are affected in mutants blocked at 
the metaphase. 

In addition to using cdc mutants, we also investigated 
secretion in cells treated with nocodazole, which disrupts mi- 
crotubules and affects chromosomal segregation, thus arrest- 
ing cells at the metaphase (Quinlan et al., 1980; Holm et al., 
1985). We observed secretion defects of a select subset of pro- 
teins in these cells similar to those of the cdc20-l cells. Note 
that, in our experiments, cells were treated with nocodazole 
for 3 h, which is commonly used in the field to synchronize 
cells to metaphase (a long period of treatment time is usually 
needed, as the cell cycle still progresses until reaching meta- 
phase; Quinlan et al., 1980; Holm et al., 1985). It is unlikely 
that microtubule disruption directly affects exocytosis in the 
budding yeast; a brief treatment of the cells with nocodazole, 
though sufficient to disrupt microtubules, does not cause any 
detectable secretion block (unpublished data). 

In the wild-type yeast cells, the metaphase-anaphase tran- 
sition takes place very transiently (Shaw et al., 1998). As such, 
the cells do not accumulate significant amounts of cargos that 
are readily detectable with methods such as the Bgl2 assay 
(Adamo et al., 2001). With a total media glycoprotein assay, we 
were able to detect secretion block for a subset of cargos in the 
wild-type cells synchronized to metaphase compared with cells 
at Gl phase (Fig. 7, A and B). The cdc mutants and nocodazole 
treatment allow the arrest of the cell cycle, which provides enough 
time for vesicle accumulation that allows a clear detection of 
the secretion block. It is not clear why a select set of proteins is 
affected. It will be interesting to investigate the relationship of 
the subset of cargos and the specific exocytic route with growth 
arrest at metaphase. 

At the molecular level, we demonstrate that the exocyst 
is a direct target of mitotic Cdkl. Our data show that Cdkl- 
mediated phosphorylation of Exo84 inhibits the assembly of the 
exocyst complex, thereby preventing secretory vesicle docking 
to the plasma membrane for exocytosis and cell surface ex- 
pansion. Blocking Exo84 phosphorylation enhanced exocyto- 
sis and led to increased bud growth during M phase. In contrast, 
the phospho-mimicry exo84 mutant has smaller daughter cells 
upon completion of mitosis. Our study demonstrates the coordi- 
nation between membrane trafficking and cell cycle progression, 
and provides a molecular mechanism for cell growth inhibition 
during metaphase. 
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Figure 8. Exo84 phosphorylation inhibits daughter cell surface expan- 
sion. (A) The growth of the wild-type and exo84 phosphorylation mutants 
coexpressing Sec5-3xGFP and Nup57-MARS (a nuclear envelope marker) 
was monitored by time-lapse microscopy (see Fig. S4 for the time-lapse im- 
ages). Representative images of cells at the end of mitosis as indicated by 
relocalization of Sec5-3xGFP to the bud neck are shown. Anaphase and 
metaphase phase were determined by nuclear morphology using Nup57- 
MARS as a marker. DIC, differential interference contrast. Bars, 2.5 urn. 
(B) The ratios of daughter cell ("bud") to mother cell surface areas at late 
mitotic phase were plotted for each group. Error bars represent standard 
error of the mean. *, P < 0.01 ; n > 1 00. 

Our study also demonstrates for the first time that phos- 
phorylation of an exocyst component can serve as a mechanism 
to negatively regulate the exocyst assembly and block exocyto- 
sis. How does Cdkl-mediated Exo84 phosphorylation inhibit 
the assembly of the exocyst complex? Crystallographic stud- 
ies indicate that most if not all of the exocyst components, in- 
cluding Exo84, have extended rod-like domains composed of 
a-helical bundles (Dong et al., 2005; Sivaram et al., 2006). It is 
believed that the "rods" pack adjacent one another to assembly 
into the holo-exocyst complex (Munson and Novick, 2006). 
Mass spectrometry analyses showed that Exo84 was phosphory- 
lated by Cdkl on five residues distributed along the entire 
Exo84 protein (Ubersax et al., 2003; Loog and Morgan, 2005; 
Koivomagi et al., 201 1). This is consistent with the observations 
that Cdks often phosphorylate substrates at multiple positions 
(Moses et al, 2007a,b; Holt et al., 2009; Enserink and Kolodner, 
2010). We speculate that phosphorylation introduces multiple 
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negative charges along Exo84 that may disturb the otherwise 
orderly packing of Exo84 with the other exocyst components, 
thereby disrupting exocyst complex assembly. 

In addition to controlling the rate of cell surface expan- 
sion, Cdkl regulates cell morphogenesis, which, in budding yeast, 
is manifested by bud emergence and polarized daughter cell 
growth at Gl and S phase. Cdc42 is a master regulator of cell 
polarity (Park and Bi, 2007). It was shown that Cdc24, the gua- 
nine nucleotide exchange factor for Cdc42, is phosphorylated 
by Cdkl during Gl phase (McCusker et al., 2007; Wai et al., 2009). 
In cdc28 mutant arrested at the Gl phase, the exocyst compo- 
nent Sec3 depolarizes (McCusker et al., 2007). Because the Sec3 
is a downstream effector of Cdc42 (Zhang et al., 2001; Zhang 
et al., 2008), its depolarization is likely mediated through Cdc42 
and its associated proteins in the polarity regulation network 
(Park and Bi, 2007). Consistent with this observation, inhibition 
of Cdkl during Gl phase resulted in cell growth defects similar 
to those caused by actin depolymerization and did not cause a 
significant accumulation of intracellular vesicles (McCusker 
et al., 2012). Overall, Cdkl controls two different aspects of exo- 
cytosis (i.e., localization and kinetics) at least at two different 
stages of the cell cycle (i.e., Gl and M phase). 

In summary, our study reveals a molecular mechanism for 
mitotic arrests during cell growth. As both Cdkl and the exocyst 
are evolutionarily conserved, this mechanism is likely to operate 
in higher eukaryotes. Indeed, the mammalian Exo84 protein con- 
tains several putative Cdkl phosphorylation sites, which sug- 
gests that Cdkl -dependent Exo84 regulation is part of a conserved 
regulatory circuit for growth control. Furthermore, additional 
proteins in the exocytic pathway may also be affected by CDKs. 
In the future, it would be interesting to investigate whether Exo84 
or other proteins in the secretory pathway are phosphorylated in 
mammalian cells during mitotic arrest and whether their dephos- 
phorylation contributes to the recovery of membrane expansion, 
which has been observed at the onset of anaphase (Boucrot and 
Kirchhausen, 2007). Further investigation of the basic mecha- 
nisms of growth control during cell cycle progression is funda- 
mental to advancing our understanding of cell proliferation and 
cell size homeostasis, both of which are aberrant in a variety of 
developmental disorders and metabolic diseases. 

Materials and methods 

Yeast strains, plasmids, and procedures 

Standard methods were used for yeast growth and genetic manipulations 
(Sherman, 2002). All strains used in this project are listed in Table SI. 
Yeast transformation was performed based on the lithium acetate method 
(Gietz et al., 1 992]. 2.5 A 60 o units of early log phase cells were collected 
in a 1 .5-ml centrifuge tube and washed once with 0.5 ml of distilled water. 
240 pi PEG 3350 (50% wt/vol), 36 pi 1 .0 M LiAc, 5 pi 10 mg/ml soni- 
cated salmon sperm DNA (Agilent Technologies), and 0.1-10 pg DNA 
were added and the tube was vortexed until the cell pellet had been com- 
pletely mixed. The cells were then shocked in a water bath at 42°C for 
20-25 min. 2-200 pi of the transformation mix was plated onto Petri dish 
plates containing solid synthetic complete medium. The plates were incu- 
bated at 25°C for 2-4 d to recover transformants. Yeast strains containing 
mutations of the CDK consensus sites were constructed as follows. The bal- 
ancer plasmid pG279, which contains an Exo84 open reading frame in 
p416TEF (URA3, CEN] plasmid (Mumberg et al., 1995), was transformed 
into the parental yeast strain, and chromosomal Exo84 was then replaced 
by KanMX6 according to the procedure described previously (Longtine 



et al., 1998) and confirmed by sequencing. The CEN plasmid contains 
wild-type EX084, exo84-A, or exo84-E controlled under the endogenous 
EX084 promoter, and the terminator was transformed into this strain. The 
transformants were counter-selected for pG279 in medium containing 

1 mg/ml 5-fluoroorotic acid. All plasmids used in this study are listed in 
Table S2. The CDK sites in Exo84 were mutated using a multi-mutagenesis 
kit (Agilent Technologies). 

Whole cell extract preparation 

Yeast extracts were prepared using glass beads as described previously 
(Inagaki et al., 1999). Yeast cells were grown to early log phase and col- 
lected by rapid centrifugation. The cell pellet was suspended in ice-cold 
lysis buffer (50 mM Tris-HCI, pH 7.5, 100 mM NaCI, 1 mM EDTA, 1% 
Triton X-100, 5 mM NaF, 1 mM sodium pyrophosphate, 1 mM dithiothrei- 
tol, and 1 x protease inhibitor cocktail; Roche). Glass beads (0.4-0.6 mm 
in diameter) were added into the resuspended cells. Cells were broken by 
vigorous vortexing at full speed for 8-10 cycles of 30-s vortexing followed 
by 30 s in an ice-water bath. The beads and cell debris were removed 
by centrifugation at 10,000 g at 4°C, and the supernatant was further 
clarified by centrifugation at 100,000 g at 4°C. The published Hot-SDS 
protein extraction protocol was used with slight modifications (Kushnirov, 
2000). In brief, 50 A 60 o units of yeast cells were collected by centrifuga- 
tion, washed once with water, and then suspended in 1 ml of cold distilled 
water, followed by the addition of 1 ml of 0.2 M NaOH. Samples were 
mixed and incubated for 5 min at room temperature. Cells were collected 
by centrifugation, resuspended in 1 ml of SDS sample buffer (0.06 M Tris-HCI, 
pH 8.6, 5% glycerol, 1 % SDS, and 1 0 mM (3-Mercaptoethanol) and boiled 
for 3-5 min. Samples were centrifuged, and protein concentrations were 
determined using the DC protein assay kit (Bio-Rad Laboratories). 

Secretion assays 

Bgl2 secretion assays were performed as previously reported, with modifi- 
cations (Harsay and Bretscher, 1 995). 20 ml of yeast cells were grown to 
early log phase (OD600 is 0.6-1 .0) at 25°C. NaN3 and NaF were added 
directly to the culture at a final concentration of 10 mM each. 10 OD 60 o 
units of cells were collected, washed with cell wash buffer (20 mM Tris-HCI, 
pH 7.5, 10 mM NaN 3 , and 10 mM NaF). The cells were resuspended in 
300 pi of spheroplast solution buffer (50 mM Tris-HCI, pH 7.5, 1 .4 M 
sorbitol, 10 mM NaN 3 , 10 mM NaF, 30 mM 2-Mercaptoethanol, and 
0.2 mg/ml Zymolyase) and incubated at 37°C in a water bath for 30 min. 
The spheroplasts were pelleted gently by centrifuge at 2,000 rpm for 5 min 
at 4°C. 1 00 pi of supernatant was carefully transferred to a new tube and 
mixed with 20 pi of 6x SDS loading buffer (300 mM Tris-HCI, pH 6.8, 
600 mM dithiothreitol, 1 2% SDS, 0.6% bromophenol blue, and 60% glyc- 
erol). This is the external pool. The remaining supernatant was removed 
and the pellet (spheroplasts) was washed once with 1 ml of spheroplast 
wash buffer (50 mM Tris-HCI, pH 7.5, 1 .4 M sorbitol, 10 mM NaN 3 , and 
10 mM NaF) to remove residue external pool. The spheroplasts were dis- 
solve in 300 pi of lysate buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCI, 

2 mM MgCl2, 0.5% Triton X-100, and lx protease inhibitor cocktail; 
Roche) by leaving on ice for 10 min. The cell debris was removed after 
the sample was centrifuged at 13,000 rpm for 5 min at 4°C. 100 pi of 
supernatant (lysates) was transferred to a new tube and mixed with 20 pi of 
6x SDS loading buffer. This is the internal pool. The internal pool and ex- 
ternal pool samples were boiled at 95°C for 5 min, loaded into 1 2% SDS- 
PAGE gel. Bgl2 was detected by Western blotting with an anti-Bgl2 rabbit 
polyclonal antibody (1 :2,000). For temperature-sensitive mutants, the cells 
were grown at 25°C or shifted to 37°C for 90 min before being processed 
for the Bgl2 assay. For cells arrested at metaphase by nocodazole, the 
cells were treated with DMSO or 15 pg/ml nocodazole for 3 h before 
being processed for secretion assays. 

Invertase secretion was examined as described previously (Novick 
et al., 1 980). 20 ml of yeast cells were grown to early log phase (OD 60 o 
is 0.6-1.0) at 25°C. 1 OD cells were transferred to a new tube and 
washed with 1 ml of ice cold 1 mM NaN 3 . The cells were then resus- 
pended in 1 ml YP plus glucose medium (1% Bacto-yeast, 2% Bacto- 
peptone, and 0.1% glucose) and incubated at 25°C for 1 h to induce 
invertase expression. After 1 h of incubation, the cells were collected and 
washed once with 1 ml 10 mM NaN 3 . The cells were resuspended in 
1 ml 1 OmM NaN 3 and kept on ice. The external invertase was measured 
directly on the whole intact cells, whereas the internal invertase was mea- 
sured after preparation of lysates. 0.5 ml of cells were removed and 
mixed with 0.5 ml of 2x spheroplast cocktail mix (2.8 M sorbitol, 0.1 M 
Tris-HCI pH 7.5, 10 mM NaN3, 0.4% 2-Mercaptoethanol, and 10 pg/ml 
Zymolyase- 1 00T). The cells were incubated in water bath at 37°C for 
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45 min. The spheroplasts were collected and the supernatant was removed 
carefully without disturbing the pellet. The spheroplasts were dissolved at 
4°C in 0.5 ml 0.5% Triton X-100. The invertase assay was performed in 
13 x 100 mm tubes. 20 pi of sample was placed in the tube and 80 pi 
of 50 mM NaAc, pH 5.1, was added. Then 25 pi of 0.5 M sucrose was 
added and the tube was incubated at 37°C for 30 min. 150 pi of 0.2 M 
K2HPO4 was added and the tube was placed on ice to stop the reaction. 
The sample was boiled for 3 min and put on ice. 1 ml of assay mix was 
added (0.1 M KPi buffer, pH 7.0, 10 U/ml glucose oxidase, 2.5 pg/ml 
peroxidase, 150 pg/ml O-dianisidine, and 20 pM N-Ethylmaleimide] and 
the sample was incubated at 37°C for 30 min. 1 ml of 6 N HCI was added 
into the tube and the value of A540 was measured by the Spectropho- 
tometer (SmartSpec 3000; Bio-Rad Laboratories). For temperature-sensitive 
mutants, the cells were grown at 25°C or shifted to 37°C for 90 min and 
then were grown in low-glucose medium (0.1% glucose) at the same tem- 
perature for 1 h. 

Glycoprotein secretion assays were performed as described previ- 
ously (Zhang et al., 2005). For temperature-sensitive mutants, the cells 
were grown to early log phase. The cultures were then collected, washed, 
and resuspended in the fresh medium and grown at 25°C or shifted to 
37°C for 60 min. The supernatant was mixed with 2% (wt/vol) sodium de- 
oxycholate and incubated for 30 min on ice. Samples were precipitated 
with 100% (wt/vol) trichloroacetic acid, followed by a 1-h incubation on 
ice. The trichloroacetic acid-precipitated proteins were then washed twice 
with acetone, air-dried, and dissolved into the loading buffer (1 25 mM Tris- 
HCI, pH 6.8, 4% SDS, 20% [vol/vol] glycerol, and 5% 2-Mercaptoethanol) 
for SDS-PAGE. The Schiff's reagent (Sigma-Aldrich) staining for SDS-PAGE 
gel was performed as described previously (Zhang et al., 2005). The gel 
was fixed in a solution containing 10% acetic acid and 40% ethanol for at 
least 30 min and up to overnight, and then incubated in 7.5% acetic acid 
for 10 min and 1% periodic acid (wt/vol) for 15 min after washing with dis- 
tilled water six times for 5 min each. The gel was incubated in Schiff re- 
agent for 15 min and washed with water briefly. After that, the stained gel 
was washed with freshly prepared 0.5% sodium metabisulfite three times 
for 10 min each. Finally, the gel was washed with distilled water at least 
six times until excess stain was removed. For the glycoprotein secretion 
assay during the cell cycle after a-factor release, cells were arrested at 
Gl phase by 1 pg/ml a-factor for 3.5 h and then released into fresh 
medium. At time points 30 min and 90 min, 50 ml of the culture was col- 
lected, washed, and resuspended in the fresh medium. After incubation 
for 10 min, the glycoproteins were then processed for SDS-PAGE and 
Schiff's reagent staining. 

immunoprecipitation and detection of Exo84 phosphorylation 

For immunoprecipitation of myc-tagged Exo84, total proteins were extracted 
by using the glass beads method (Inagaki et al., 1999). A mouse anti-myc 
antibody (9E10) or rabbit anti-Exo84 antibody was used for immunoprecipi- 
tation. Typically, 50 A 60 o units of a mid-log phase yeast culture were har- 
vested and total protein was extracted using Hot-SDS protein extraction 
method (Kushnirov, 2000). Cell lysates were used for immunoprecipitation 
using protein G beads and anti-myc antibody (9E10) in immunoprecipitation 
buffer (50 mM Tris-HCI, pH 7.5, 1 50 mM NaCI, 1 mM EDTA, 1 mM EGTA, 
1 0% glycerol, and 1 x protease inhibitor; Roche) and 1 x phosphatase inhibi- 
tor I (Roche) at 4°C for 4 h with rotation. Beads were washed with washing 
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCI, 1 mM EDTA, 1 mM EGTA, 
and 1 0% glycerol) three times. The beads were mixed with 30 pi of 1 x SDS 
loading buffer and incubated at 95°C for 5 min. Protein samples were then 
cooled on ice for several minutes and separated on 10% SDS-PAGE gel. 
Western blotting was performed using the phospho-CDK substrate antibody 
(Molecular Probes) and anti-Exo84 antibody. Phos-tag PAGE gel was used to 
detect the phosphorylation of Exo84 during the cell cycle. The final concen- 
tration of phos-tag (Wako Pure Chemical Industries, Ltd.) is 5 pM and the 
Western blot was performed as described previously (Kinoshita etal., 2009). 
The Images were further processed using ImageJ software (National Institutes 
of Health). 

^-Phosphatase treatment 

Where designated, immunoprecipitated protein complexes were treated 
with A. protein phosphatase as described by the supplier (P0753S; New 
England Biolabs, Inc.). 

In vitro Cdkl kinase assays 

Cln2-Cdkl , Clb5-Cdkl , and Clb2— Cdk 1 kinase complexes were purified 
as described previously (Loog and Morgan, 2005; McCusker et al., 
2007). 50-pl reactions were prepared in kinase assay buffer (50 mM 
Hepes, pH 7.5, 2 mM MgCI 2 , 0.05% Tween-20, 2.5% glycerol, 1 mM DTT, 



and 1 mM ATP) containing 7 nM of Cln2-Cdkl , Clb5-Cdkl , or Clb2-Cdkl 
and 1 pg GST or 2 pg GST-Exo84 fusion protein, 10 pCi 7-[ 32 P]ATP. 
Reactions were incubated at room temperature for 60 min and termi- 
nated by the addition of 10 pi of 6x sample buffer. Samples were re- 
solved on 10% SDS-PAGE gel. The 32 P radioactive signal was analyzed 
by autoradiography. 

Microscopy 

Fluorescence microscopy was conducted with a fluorescence microscope 
(CTR6000; Leica) equipped with a Plan-Apochromat lOOx, 1.40 NA oil 
immersion objective lens. Images were taken using LAS AF 1 .5.1 acquisi- 
tion software (Leica). Determination of the cell cycle stages was performed 
by surveying nuclear position and morphology using a MARS-tagged nu- 
clear envelope protein (Nup57-MARS) as described previously (Khmelinskii 
et al., 2010). The yeast strains harboring both Sec5-3xGFP and Nup57- 
MARS on the chromosome were grown to early log phase in synthetic 
complete (SC) medium overnight at 25°C. Samples were collected by cen- 
trifugation and resuspended in fresh SC medium. Slides containing agar 
pads were prepared with 2% agar dissolved in SC medium containing the 
appropriate amino acids. 2 pi of the suspension was dropped onto the agar 
pad, and a coverslip was placed on top of the pad. Images were captured 
with a digital camera (DFC350FX; Leica) at room temperature every 2 min 
with 0.25 s of exposure time. For each time point, the background intensity 
was subtracted and the images from different channels were merged using 
ImageJ software. 

For EM, cells were collected by vacuum filtration using a 0.45 pm 
nitrocellulose membrane and were fixed for 1 h at room temperature in 
0.1 M cacodylate, pH 7.4, 3% formaldehyde, 1 mM MgCI 2 , and 1 mM 
CaCI 2 . The cells were spheroplasted and fixed with 1% glutaraldehyde (in 
PBS, pH 7.4) at 4°C overnight. The spheroplasts were washed in 0.1 M 
cacodylate buffer and were postfixed twice with ice-cold 0.5% OSO4 and 
0.8% potassium for 10 min each. After dehydration and embedding in 
Spurr's epoxy resin (Polysciences, Inc.), thin sections were cut and trans- 
ferred onto 600 mesh uncoated copper grids (Ernest Fullam, Inc.) and 
were poststained with uranyl acetate and lead citrate. Cells were observed 
on a transmission electron microscope (Model 1010; JEOL) at 100,000x 
magnification. Electronic microscopy with permanganate fixation was 
performed according to the procedure described previously (Perkins and 
McCaffery, 2007). Yeast strains were grown in YPD (1% Bacto-yeast, 2% 
Bacto-peptone, and 2% glucose) overnight to early log phase. Cells were 
collected and resuspended in 100 mM sodium cacodylate, pH 7.4, con- 
taining 3% glutaraldehyde, 5 mM CaCI 2 , and 5 mM MgCI 2 , for 1 h. The 
samples were washed with 100 mM sodium cacodylate, pH 7.4, embed- 
ded in ultra-low-temperature gelling agarose, and cut into small pieces. 
These blocks were postfixed in 4% KMNO4 for 1 h and then washed 
thoroughly in double-distilled water. The samples were treated with 0.5% 
sodium meta-periodate for 15 min and washed with double-distilled water. 
After that, the samples were treated with 2% uranyl acetate overnight, 
dehydrated through a graded series of ethanol (50-100%, ice cold), and 
followed by two washes with propylene oxide. The samples were resus- 
pended in the mixture of propylene oxide and Spurr resin (1:1) and ro- 
tated overnight, transferred to 100% Spurr resin, and left in a vacuum for 
24 h. The next day, the resin was changed three times and the samples 
were then rotated overnight. Subsequently, the samples were put in BEEM 
capsules containing fresh Spurr resin and put in the oven at 65°C for 48 h. 
Sections were cut, placed onto 400-mesh nickel grids, and poststained 
with lead citrate for 2 min 

In vitro transcription/translation 

DNA templates for in vitro transcription/translation were generated by 
PCR and subcloned into mammalian expression vectors containing a cyto- 
megalovirus (CMV) promoter. [ 35 S]cysteine/methionine-labeled proteins 
were generated with an in vitro transcription/translation kit according to 
the manufacturer's instructions (Promega). For binding experiments, the 
proteins to be tested for binding were cotranscribed/translated in vitro. 
After the reaction, 3 pi of the reaction mixture were diluted 100-fold into 
the binding buffer for in vitro binding assays. 

Online supplemental materials 

Fig. SI shows that secretion of Bgl2 was blocked in metaphase-arrested 
cdc23-l mutant cells and that invertase secretion was not changed in cdc 
mutants. Fig. S2 shows measurement of exocytosis in cells arrested at meta- 
phase by nocodazole treatment. Fig. S3 shows that Cdkl activity is re- 
quired for Exo84 phosphorylation, exocyst assembly, and block of Bgl2 
secretion at metaphase. Fig. S4 shows the time-lapse fluorescence micros- 
copy of Exo84 wild-type and phosphorylation mutant cells during mitosis. 
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Tables SI and S2 show yeast strains and plasmids used in this study, re- 
spectively. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.20121 1093/DC1 . 
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